Abstract The Mansouri ring complex (132 Ma) is, paleomagnetically, studied to shed light on the paleo-tectonic position of Northeast Africa during the Early Cretaceous. Progressive thermal demagnetization of all samples verified a general bi-vectorial decay of the natural remanence. After the removal of the present-day field overprint, the decaying anchored component was either:
Introduction
In the Early Cretaceous, West Gondwana was suffering progressive fragmentation by the northward propagation of the South Atlantic rift between Africa and South America. During the Barremian, sea-floor spreading of the South Atlantic began from the south, concurrently, associated with reorganization of the Central Atlantic Ridge (Klitgord and Schouten, 1986; Savostin et al., 1986) . Despite that the lithospheric extension was, certainly, underway in the Valanginian, the sea-floor spreading initiation was not earlier than 133 Ma ago (Rabinowitz and Labrecque, 1979) , or slightly later between 130 and 125 Ma ago (Milner et al., 1995) .
During its northward propagation, the South Atlantic created a North-South-oriented stress field in West and central Africa, reactivating the East-West-trending, Pan-Africanaged, Central African Shear zone (Daly et al., 1989; Maurin and Guiraud, 1993) . On top of the Central African shear zone, the African Plate was, deeply, fragmented by two rift systems: the equatorial East-West-trending Central African rift and the West African rift. These intra-plate rifts created impressive intra-plate deformations within Africa and plate rearrangement extending as far as the Indian Ocean (Wilson and Guiraud, 1992) . The associated ocean-continent interaction provided concurrent widespread intra-plate extensional stresses evolving a system of East-West trending rifts interconnected by NW-SE trending strike-slip faults Maurin, 1991, 1992) , along which numerous, moderately, subsiding sedimentary basins with horst and graben structures evolved (Janssen et al., 1995) many of them are petroliferous.
Despite that the Valanginian drop in sea-level led to a general regression and scarcity of the Early Cretaceous sedimentary rocks, the associated intra-plate rifting within Africa created a phase of regional volcanic activity in Northeast Africa. This Early Cretaceous regional magmatic activity is marked in the Southeastern Desert of Egypt by the presence of frequent alkaline ring complexes (El-Reedy, 1979; Hashad and El-Reedy, 1979; Serencsits et al., 1979 Serencsits et al., , 1981 Meneisy, 1990) in the northeastern Red Sea hills in Sudan (Klemenic, 1987; Semtner, 1993) and Israel (Lang et al., 1988; Lang and Steinitz, 1989; Garfunkel, 1992) . Garson and Krs, 1976) . Numbers denote the ring complexes: 1 -Mansouri, 2 -Gezira, 3 -Naga, 4 -Mishbeh, 5 -Nigrub El-Fogani, 6 -Nigrub El-Tahtani, 7 -Zargat Naam, 8 -Tarbtie South, 9 -Tarbtie North, 10 -Kahfa, 11 -Abu Kruq, 12 -Hadayib, and 13 -Um Risha. (B) Simplified geologic map of Mansouri ring complex (El-Nisr and Saleh, 2001) showing the main rock units along with the numbers and location of the sampling sites.
In the present paleomagnetic study, the multi-phase igneous rocks forming the Mansouri ring complex dated as 132 ± 10 Ma (El-Reedy, 1979; Hashad and El-Reedy, 1979; Meneisy, 1990) , are studied to shed light on the paleo-tectonic position of the African Plate during the Early Cretaceous (Hauterivian) time, just before the fragmentation of West Gondwana by the South Atlantic Ocean and the drifting of Africa away from South America.
Geology of the Mansouri ring
The Mansouri ring complex [22. 05°N-33 .63°E] lies in the extreme southern part of the Egyptian Eastern Desert (Fig. 1A) and represents the southernmost ring complex in Egypt. The complex forms a sharp prominent hill measuring about 6 kms E-W and 9 kms N-S, protruding through country rocks composed of Precambrian metavolcanics, granodiorites and quartz-diorites.
The Mansouri ring is composed of a continuous main mass of variable alkali syenite rocks (including nordmarkite) intruding older remnants of cone volcanics, flows and a volcanic neck of trachyte, tuffs and pyroclastics. The main mass of the ring is nearly an isometric pluton of about 5 kms in diameter differentiated into alkali feldspar syenite and quartz-syenite (Fig. 1B) . The whole complex is cut by frequent welldefined radial and ring dykes composed of hypabyssal alkali syenite porphyry, solvbergite with rhyolite cutting both the complex and the country rocks. The relics of the volcanic cone occupy the northern part of the complex with a chimney of alkaline trachyte surrounded by hypabyssal equivalents. The sequence of rock formation extends from the early eruption of alkali trachyte lavas with their pyroclastics and hypabyssal equivalents covering the whole area, to the intrusion of various alkali syenitic rocks followed by the end phase of the ring and radial dykes (El Ramly et al., 1970 .
It is worth mentioning, here, that the largest occurrence of carbonatite in Egypt is recorded in Mansouri complex (El Ramly et al., 1970 . As the carbonatite rocks do not extend through the alkali syenite main mass, they are considered older than the main mass of the Mansouri ring complex Hussein, 1982, 1985) .
El-Nisr and Saleh (2001) stated that Mansouri complex was originated from mantle-derived magma with little crustal contamination in within-plate tectonic setting. They, also, referred the complex radioactive anomalies to the abnormal accumulations of U-Th bearing minerals associated with the E-W trending shear zones.
Structurally, the Mansouri complex seems, like other Egyptian ring complexes in the Eastern Desert, to be intimately connected with two sets of cross-cutting N30°W deep-seated tectonic zones and N60°E block faults and shear zones ( Fig. 1A) (Garson and Krs, 1976) .
Regarding the age of the Mansouri complex, its syenite yields Rb/Sr whole rock isochron age of 132 ± 10 Ma (ElReedy, 1979; Hashad and El-Reedy, 1979; Meneisy, 1990) . This date is an Early Cretaceous [Hauterivian] age according to Cohen et al. (2013) and Gradstein et al. (2012) geologic timescales.
Sampling
A number of twenty-nine sites were collected from the Mansouri ring complex rocks for paleomagnetic investigation. Sampling covered all rock-units from the oldest trachyte and pyroclastic flows passing through the main mass syenitic rocks [both the alkali-feldspar and quartz-syenite] till the youngest rhyolite dykes. The carbonatite exposures were, also, separately sampled. Due to the harsh topography, many sites were concentrated along the periphery with some sites collected from the inner deep gullies cutting the complex. Sites were distributed at different altitudes during the collection of the older volcanic flows. About 30 cm of weathered rocks were usually cleaned-off before sampling to avoid the weathered chemically-altered rocks. Due to the remoteness of Mansouri complex and the limited water supply required for the portable core drill, cores were, concurrently, collected with blocks. A number of 4-7 individually oriented cores and/or blocks were collected at each site using a solar compass for orientation.
Isothermal remanent magnetization [IRM] study
The paleomagnetic measurements, which were carried on an Agico JR-6 dual-speed spinner magnetometer [sensitivity 2 · 10 À3 mA/m], thermal demagnetizer model [MMTD80], and Molspin magnetically-shielded alternating field demagnetizer, all housed in the Paleomagnetic Laboratory of the National Research Institute of Astronomy and Geophysics [NRIAG] in Egypt, included both the IRM study and the natural remanent progressive stepwise thermal demagnetization.
The IRM study was introduced to reveal the magnetic mineral association carrying the magnetic remanence in the collected sites. However, due the limited power of the available electromagnet, the IRM was applied in two successive schemes on twin samples selected from each site to verify the remanence carriers (Fig. 2 ).
1. First, a two-axis saturation magnetization was carried out through acquiring two different intensities of IRM along two different perpendicular axes [East and North] in the samples (Heller, 1978) , followed by progressive stepwise thermal demagnetization up to 650°C to monitor the thermal decay of the intensity [mT] of the imparted two perpendicular components of IRMs along their contiguous axes (along the vertical left-side scale in Fig. 2 ). The acquisition of 120 mT IRM along the North (X) axis is suitable to saturate magnetically soft magnetite expected to be the carrier of the primary characteristic remanence in the samples. On the other hand, an IRM of 400 mT was imparted along the East (Y) axis to saturate the magnetically harder haematite which, sometimes, carries secondary magnetization. 2. Subsequently, a twin sample from the same core was, then, saturated unidirectional up to 800 mT, then, thermally demagnetized up to 650°C. The normalized intensity decay [J/Js] of this unidirectional IRM is presented by the dashed lines and monitored along the right-side scale in Fig. 2 . This step was carried out to inspect the contribution of the low curie-temperature goethite, which is completely demagnetized below 150°C and could retain only the present-day field overprint [PDF] .
The inspection of the two-axis saturation magnetization decay curves (Fig. 2) S amples ' directio on n Sit e-me ans s remanence carrier in higher majority of the samples, while haematite (the curves with squares) was the main contributor in fewer samples (as MN-4-5 and Mn-10-3). Also, some samples showed the competitive coexistence of haematite with the magnetite (as Mn-5-3 and MN-19-6). As the higher curie-temperature haematite could obscure the magnetite primary remanence and prohibits its isolation as a discrete magnetic direction during thermal demagnetization, the studied sites were initially categorized into magnetite-dominated and haematite-dominated, before the paleomagnetic study. Each of them was, then, separately thermally demagnetized to reveal the natural remanence direction of the magnetite and haematite, to compare between them and test their genetic relation. However, few sites showing equal coexistence of magnetite with haematite [as were eliminated from the paleomagnetic analysis to avoid the possible complex concurrent decay (yielding curved trajectories) of their magnetite remanence in the presence of haematite, if this haematite was developed by secondary processes long after the formation of rocks, although this is not proven in the present study.
In the subsequent IRM scheme, sites dominated by either magnetite or haematite were, imparted an IRM of 800 mT, then, progressively thermally demagnetized (Fig. 2) , to monitor the thermal decay of their acquired IRM (the dashed curves with diamonds). The inspection of Fig. 2 elucidates the goethite contributions in both the magnetite-or haematite-dominated sites. This step shows that the haematite-dominated sites [such as MN-4-5, MN-10-3 (Fig. 2) ], have appreciable goethite as magnetic carriers, reflected by the sharp major decay upon thermal demagnetization at 150°C. On the other hand, most magnetite-dominated sites, have no or little contribution from goethite on their IRM [like samples MN-3-5, MN-9-2, MN-26-5, MN-29-4 and many others (Fig. 2) ].
Natural remanence thermal demagnetization
Twin specimens from the same core were selected from each of the magnetite-dominated and haematite-dominated sites for both progressive alternating field [AF] and thermal demagnetization. The visual inspection of the decay trajectories in the orthogonal projections (Zijderveld, 1967) of these samples revealed the capability of thermal demagnetization to resolve Table 1 Paleomagnetic demagnetization results of Mansouri ring complex, N = number of demagnetized samples/sites, n = number of isolated directions/site, PDF = present-day field overprint, Mag. Car. = magnetic carrier, Dec. = declination [°], Inc. = inclination [°], K = kappa precision parameter (Fisher, 1953) , a95[°] = the semi-angle of the 95% cone of confidence about the paleomagnetic pole (Fisher, 1953) , VGP [°N/°E] = virtual geomagnetic North poles location, Dp/Dm = the semi-angle of the 95% cone of confidence about the paleomagnetic pole in the co-latitude direction (Dp) and at right-angle (Dm). Shaded sites are included in the haematite mean direction and paleomagnetic pole only as they are considered as secondary chemical magnetization.
the remanent magnetization in all samples. On the other hand, AF demagnetization has failed to demagnetize the haematitedominated samples and recover their remanence.
Accordingly, all samples were progressively thermally demagnetized up to fifteen steps, using 50°C increment till 200°C then becoming 100°C till 450°C then returning to 25°C increment till complete demagnetization. Based on their magnetic remanence carriers, samples exhibited different demagnetization behaviors.
1. The magnetite samples (Fig. 3A) , were characterized by the early decay of a soft northward normal medium-inclination magnetic component parallel to the present-day magnetic field [PDF] in the study area. This component was isolated and considered as PDF overprint residing in goethite. Subsequently, the magnetic trajectories change their directions to a steady NW-SE direction with shallow bipolar trajectories till complete demagnetization at about 585°C (Fig. 3A) . This NW-SE stable anchored magnetic component was overwhelming in most samples. It was, therefore, considered as the characteristic remanent magnetization of the Mansouri ring complex representing the Early Cretaceous magnetic field during the emplacement of the complex. 2. On the other hand, the haematite samples (Fig. 3B) , after the decay of the soft PDF overprint at <150°C, their trajectories changed to a very shallow northward direction swinging up and down about zero inclination up to the complete decay at 680°C. As this magnetic remanent is restricted to and residing in haematite samples, it is considered as a Late Cretaceous secondary chemical remagnetization, related to the eruption of Wadi Natash alkaline volcanic field, which, apparently, affected large areas of the Southeastern Desert after the intrusion of Mansouri Complex in the Early Cretaceous.
The isolated magnetite-residence ChRM mean magnetic direction passed a positive reversal test (McFadden and Lowes, 1981) 
Paleomagnetic results interpretation
The visual inspection of the demagnetization trajectories in the orthogonal projection (Zijderveld, 1967) , revealed the bi-vectorial decay of most samples. After the early disintegration of the soft PDF component (<150°C) residing in goethite, which was isolated in eighty-nine samples (Fig. 4) , trajectories change their directions and either one of two stable anchored components decays: a magnetite component (400-585°C) or a haematite one >585°C.
The high-blocking temperature magnetite component, which was presented in antipodal polarities with distinct NW-SE declination and shallow to medium inclination, was present in one-hundred and four samples (Fig. 4, upper part) . On the other hand, the highest-temperature haematite component, which had only normal polarity with swinging about the N direction and a very shallow equatorial inclination was only isolated in nineteen samples (Fig. 4, lower part) .
In each sample, the best-fit line of at least three successive demagnetization steps of each of the visually isolated welldefined components was calculated using the principal component analysis [PCA] technique (Kirschvink, 1980) and plotted in Fig. 4 . Subsequently, the site-mean directions of each of the aforementioned magnetic components were calculated with the associated statistical parameter; the precision parameter (K) and the semi-angle of the cone of 95 confidence (a95) (Fisher, 1953) (Fig. 4, Table 1 ). Then, the overall mean direction of each component was calculated with its statistical parameters (Fig. 4, Table 1 ).
The virtual geomagnetic poles [VGPs] of the two anchored components were determined for each site followed by the overall paleomagnetic pole of each of the magnetite and the haematite magnetic components with its statistical parameters (Fig. 5, Table 1 )
The obvious parallelism of the soft normal goethite-residence component (359°/39°) with the present-day field [PDF] in the study area, supported its previous consideration as a recent PDF overprint in the samples. However, the clear resemblance of the haematite pole [65°N/235.5°E] (Fig. 5 (Lotfy, 2011) , refers the haematite remanence to a Late Cretaceous chemical remagnetization inherited by secondary haematite.
On the other hand, the overwhelming occurrence of the magnetite remanence direction in 16 sites/104 samples points to it as the characteristic remanent magnetization [ChRM] of Mansouri ring complex. Therefore, the corresponding paleomagnetic pole [47°N/259°E] (Fig. 5, Table 1 ) can be, trustfully considered as representing the paleomagnetic field during the formation of the ring complex in the Lower Cretaceous (132 Ma).
Discussion and Euler pole rotations
In order to constrain the reliability of Mansouri complex Early Cretaceous paleomagnetic poles, it was compared with both: Table 3A Early Cretaceous paleomagnetic North poles of the North American Craton rotated to NE Africa coordinates using Euler pole rotations parameters in Table 2 . K/a95 denotes the precision parameter and the semi-angle of the 95% cone of confidence about the pole (Fisher, 1953 (Tables 2 and 4 ). These poles were collected from the global databases (McElhinny and Lock, 1996; Pisarevsky, 2005; Van der Voo, 1993) and some recent global reconstructions (Torsvik et al., 2008 (Torsvik et al., , 2012 Courtillot (2002, 2003) , Courtillot and Besse (2004) and Torsvik et al. (2008 Torsvik et al. ( , 2012 (Table 4) .
As one of the best paleomagnetically studied continents, eight poles were selected from the North American Craton. These poles were, first, rotated to NW Africa using the rotation parameters of Roest et al. (1992) for M11 anomaly [133.1 Ma] (Table 2 ). These poles were, then, internally rotated from NW to NE African coordinates using Torsvik et al. (2012) parameters. The rotated poles (Table 3A) are well-clustered with their mean pole at 47.2°N/264°E [K = 338/ a95 = 3°] (Tables 3A and 4 ). The rotated mean pole was along the same latitude of Mansouri poles but at slightly higher longitude with its cone of 95% confidence completely enclosed in that of Mansouri complex (Fig. 6A, Table 4 ).
Only three poles from Stable Europe and one from Greenland were collected and rotated to the North American Craton coordinates using the rotation parameters of Roest and Srivastava (1989) and Srivastava and Roest (1989) (Table 2) , respectively. These poles were, then, rotated to NE Africa following the same sequence of the North America Craton poles. The rotated European poles (Table 3B) are slightly dispersed with their dispersion parameters being K = 71, a95 = 11°a bout a mean pole at 45°N/257.5°E (Tables 3B, 4 ). Despite the dispersion of the European poles, their mean pole fits well with Mansouri pole (Table 4) , with the cone of 95% confidence of the later completely enclosed in the former (Fig. 6B) .
From both Amazonia and Parana tectonic units in South America, twenty-one poles were rotated to South Africa coordinates (Torsvik et al., 2009) , then internally rotated to NE Africa (Torsvik et al., 2012) . The rotated poles fairly cluster around their mean pole at 48.8°N/261°E [K = 186/ a95 = 2.3°] (Tables 3C and 4, Fig. 6C ). The South America mean pole lies close to Mansouri pole (Table 4) and enclosed in its cone of confidence (Fig. 6C) .
Due to their scarcity, only three poles were collected from Africa and added to two wide-age Early Cretaceous poles from Israel (Table 3D ). These African poles are, then, internally rotated to NE Africa using the rotation parameters of Torsvik et al. (2012) . Despite their limited number, the rotated poles are well-clustered about their mean at 49°N/266°E [K = 693/a95 = 2.9°] (Tables 3D and 4, Fig. 6D ). The NE (Table 4 ). E and F. Early Cretaceous pole of the present study with its [A95] compared to the mean coeval poles from the recent global APWPs rotated to NE Africa coordinates (E, Courtillot, 2002, 2003; Courtillot and Besse, 2004 , F, Torsvik et al., 2008 . African mean pole lies at higher latitude and longitude with respect to Mansouri pole but its cone of confidence largely overlapping with that of the complex (Fig. 6D) . For the sake of comparison, the mean poles rotated from the North American Craton, Stable Europe, South America and Africa were used to calculate an overall mean Early Cretaceous pole for the four continents giving a unit weight to each continent (Table 4 ). The four continents means are well-clustered around both their overall mean at 47.5°N/ 262°E [K = 705, a95 = 3.5°] and Mansouri mean (47°N/ 259°E) (Table 4) .
Two further comparisons of Mansouri Complex pole were made with the recent global APWPs rotated to NE Africa coordinates. The mean poles of 130 Ma of Courtillot (2002, 2003) , Courtillot and Besse (2004) and Torsvik et al. (2008 Torsvik et al. ( , 2012 (Table 4) , are all very close to Mansouri pole (Fig. 6E and F) .
Conclusion and Early Cretaceous paleo-tectonic position of NE Africa
The Early Cretaceous paleomagnetic pole of the Mansouri ring complex (132 ± 10 Ma), which lies at 47°N/259°E, generally fits well with the following synchronous poles: Therefore, the Mansouri paleomagnetic pole can, reliably, be considered as representing the paleomagnetic field during the emplacement of the Mansouri ring complex in the Early Cretaceous [Hauterivian] . This pole places Africa in a paleotectonic position far from its present-day position:
1. In terms of paleo-azimuth, Africa was about 30°clockwise
with a northeastwards azimuth with respect to the presentaxial N-S direction. 2. In terms of paleo-latitude, NE Africa was equatorial with Cairo (now at 30°N) was just south of the Equator at 1.5°S paleo-latitude. This means that Africa was about 31°southwards from its present-day latitudes (Fig. 7) .
In order to further constrain the equatorial paleo-tectonic position of NE Africa, a number of Early Cretaceous paleomagnetic poles of some Eastern Mediterranean blocks were collected from the paleomagnetic databases (McElhinny and Lock, 1996; Pisarevsky, 2005; Van der Voo, 1993) . Their computed Early Cretaceous directions and paleo-latitudes at the reference location of Cairo (30°N/31°E) were calculated ( Table 5 ). The inspection of the computed paleo-latitudes of Umbria, Italy, Adria, Apennines and Greece (Table 5) reflects their unequivocal Early Cretaceous equatorial paleo-latitudes probably just north of NE Africa.
Comparing the Mansouri Hauterivian pole [47°N/259°E] to the Albian paleomagnetic pole during the emplacement of the Wadi Natash volcanic field alkaline basalts [107 ± 4 Ma], which was at [55°N/250°E], the African Plate seems to have rotated counter-clockwise about 10°with Northeast Africa moving slightly northwards [Cairo was moving from 1.5°S to 1.5°N] within the equatorial zone, during the Early Cretaceous (Fig. 7) . Satolli et al. (2007) and staff members of the Geomagnetism Laboratory, for offering their Paleomagnetic Laboratory for this research and their strenuous efforts during its progress. This research was supported by the official research funds of Minia University, Minia, Egypt, given to the Faculty members at the Faculty of Science.
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